The heart comprises a syncytium of cardiomyocytes that are important for optimizing cardiac functions through coordinated excitation-contraction-relaxation cycles. 1 Delineating the exact myocardial architecture is critical to understanding the exact mechanisms of cardiac functions, such as the wall thickening and the ventricular longitudinal shortening. Recently, myocardial fibers have been found to be organized in branching layers separated by cleavages, referred to as the "sheet architecture". [1] [2] [3] It has been reported that the systolic wall shear aligns along the sheet direction, 1 and the myocardial sheet is the major infrastructure contributing to systolic wall thickening for ejection of blood. 4, 5 However, the exact three-dimensional (3-D) complex sheet architecture remains to be defined for a better understanding of cardiac mechanisms. One of the difficulties in studying myocardial sheet architecture is the lack of appropriate imaging technologies. Histology is the traditional method to image the myocardial architectures. However, the fixation and slicing procedures inevitably deform the native sheet architecture, resulting in unnatural morphology. Confocal optical microscopy has been used to image the surface of a block of fixed heart tissue. 2 The deeper part of the tissue can be imaged by repeatedly removing thin layers of the surface. Although, the deformation induced by slicing can be avoided by this technique, the tissue still requires fixation and staining, which dehydrate and deform the native sheet architecture. Diffusion-tensor MRI can delineate the sheet architecture nondestructively in viable hearts; 4, 6 however, it cannot provide micrometer-level resolution within applicable scan times of less than one day per sample. Therefore, a fast high-resolution imaging technology is still required for visualizing the myocardial sheets in unfixed and unstained, and thereby undeformed hearts.
Photoacoustic microscopy (PAM) is suitable for imaging the myocardial sheet architecture for the following reasons. First, PAM can achieve submicrometer transverse resolution in the optical ballistic regime (∼1 mm deep), 7, 8 and can also work in the optical diffusive regime (up to several centimeters deep) at acoustic resolution. 9 PAM with scalable resolution and depth can provide consistent studies of the sheet architecture in hearts on various scales. Second, PAM can detect endogenous optical-absorption contrast with a 100% sensitivity without labeling the tissue. 10 Cytochrome, myoglobin, and melanin have been reported as the endogenous light-absorbing sources in myocytes, [11] [12] [13] and are expected to be the origins of signals for label-free PAM of myocardium. Therefore, in this pilot study, we implemented label-free PAM of myocardial sheet architecture for the first time.
Optical-resolution PAM was used to image myocardial sheet architecture, as demonstrated in Fig. 1 . For spectral measurement, we used an integrated diode-pumped Q-switched laser and optical parametric oscillator system (NT242-SH, Ekspla) with a wavelength tunable from 210 to 2600 nm and a pulse repetition rate of 1 KHz.
14 For fast imaging, we used a Nd: YVO4 laser (SPOT 10-200-532, Elforlight), which provides a repetition rate up to 50 KHz but a fixed wavelength of 532 nm. 7 The details of the optical parts of the system can be found in Refs. 7 and 14. The laser pulses were focused by an optical objective (0.32 numerical aperture) to the heart muscle. The excited photoacoustic waves were detected by an ultrasonic transducer (40 MHz central frequency, 80% bandwidth), and their amplitudes were proportional to the optical absorption density at the optical foci. Mapping of the optical absorption in 3-D was achieved by 2-D raster scanning while the depth was converted from the arrival time of the photoacoustic signals from each scanning point. Here the transverse resolution was ∼0.8 μm (at 532 nm wavelength), and the axial resolution enhanced by deconvolution 8 was ∼15 μm. The origins of optical absorption in heart muscles were measured quantitatively by photoacoustic spectroscopy. A mouse (Hsd:ND4, Harlan Co.) heart was saline-perfused (to wash out blood and avoid strong signals from hemoglobin), excised, and formalin-fixed. We used PAM to measure the average signal amplitude (normalized by the laser pulse energy) from the left ventricular myocardium within the wavelength range of 400 to 600 nm, as shown in Fig. 2 . In the absence of hemoglobin, the main absorbers in myocardium are expected to be formalinreduced cytochrome c, 15 melanin, and metmyoglobin which accumulates in dead muscles. [11] [12] [13] The PAM data can be fitted with a linear combination of the molar absorption spectra of the main absorbers to quantify the relative concentrations of the constituents, as depicted in Eq. (1) and Fig. 2,   16 ϕðλÞ ∝ ε cyt ðλÞC cyt þ ε mel ðλÞC mel þ ε myo ðλÞC myo ; (1) where ϕðλÞ is the wavelength-dependent photoacoustic signal amplitude; ε cyt ðλÞ, ε mel ðλÞ, and ε myo ðλÞ are the wavelengthdependent molar extinction coefficients of reduced cytochrome c, melanin, and metmyoglobin, respectively; C cyt , C mel , and C myo are the molar concentrations of reduced cytochrome c, melanin, and metmyoglobin, respectively. C cyt , C mel , and C myo can be calculated in relative values by Eq. (1). The mass ratio was converted from the molar ratio for the formalin-fixed mouse heart sample, with a resulting ratio of reduced cytochrome c to melanin to metmyoglobin of 6.1∶3.7∶1 with a coefficient of determination (R 2 ) of 0.993. The accuracy of this result, however, is subject to the possible presence of other neglected absorbers such as oxidized cytochrome c, oxy-/ deoxy-myoglobin, and lipofuscin.
We imaged a histological section of a blood-free paraffinembedded dog heart. The unstained section in the left ventricular wall area was imaged by PAM with ∼50 nJ pulse energy. As shown in Fig. 3(a) , the myocardial sheets and sheet cleavages can be identified clearly with a contrast-to-noise ratio (CNR) of 41 dB between the two tissue components. These unstained structures are nearly invisible with bright-field optical microscopy due to the extremely low CNR of 4.6 dB (not shown here). The bright-field image with Masson's trichrome staining is shown in Fig. 3(b) . The two images match well with a correlation coefficient of 0.91 when both images were thresholded at 3 times of the corresponding noise levels. Therefore, PAM can sensitively detect the endogenous absorption in myocardium with a fine resolution to resolve the sheet architecture. Moreover, it can be seen in Fig. 3 that the sheet architecture is deformed (e.g., the cleavage height becomes much larger than usual) due to dehydration and slicing.
With high endogenous contrast, PAM was investigated to image the unstained and unsliced heart without introducing deformation artifacts. A saline-perfused blood-free heart of a mouse (Hsd:ND4, Harlan Co.) was excised and then imaged by PAM ex vivo with ∼80 nJ pulse energy. The heart was split into halves as shown in Fig. 4(a) , but it was unfixed and unstained and thereby undeformed. The myocardium in the left ventricular free wall, indicated by the square region in Fig. 4(a) , was imaged by PAM. Figure 4(b) shows the PAM image in maximum amplitude projection along the depth direction from 20 to 50 μm. A close-up of the marked region in Fig. 4(b) is shown in Fig. 4(c) , where the branching sheets can be clearly identified with a CNR of 36 dB. Two populations of oppositely signed sheet angles were observed. The boundaries of the sheets were extracted, and the long axis from the apex to the base of the heart is marked in Fig. 4(c) . Various morphological parameters can be calculated from this image. The average angle between the sheet and the ventricular short axis is 30 AE 2 deg, in agreement with previously reported data. 4 The average sheet thickness is 80 AE 10 μm, and the average cleavage height is 11 AE 1 μm, both parameters being reported for the first time in an undehydrated heart, to the best of our knowledge.
The 3-D sheet architecture of the same heart is shown by Fig. 5 . The heart was scanned twice, focusing at 40 and 100 μm depth, respectively. Figure 5 shows the movies of 3-D image stacks in the same area as Fig. 4(b) down to 150 μm in depth. The movies scan through the myocardium in three directions for 3-D visualization of sheet development. As shown by the movies, PAM can delineate the accurate 3-D myocardial structure in unfixed and unstained hearts.
Here the PAM image of the heart muscle was obscured beyond the depth of 150 μm, so the heart was split into halves in order to reveal the 3-D sheet architecture. To show the sheet architecture in an intact mouse heart, we need a penetration depth of ∼1 mm, which is nearly the penetration limit of optical-resolution PAM. Near-infrared illumination and acousticresolution PAM 9 (with a >200 MHz ultrasonic transducer for fine lateral resolution) can be used for the 1 mm or deeper penetration in future studies. Moreover, by further enhancing the axial resolution and the imaging speed, we expect to develop PAM for accessing dynamic changes of myocardial architectures in ex vivo perfused and viable hearts. The heart can be arrested in diastole and systole in sequence, during which the heart is imaged by PAM. The functional role of the myocardial sheets can then be analyzed.
In summary, we have realized label-free PAM of myocardial sheet architecture in the undeformed mouse heart ex vivo. The sheet thickness and the cleavage height in an undehydrated heart are reported for the first time. We expect to further develop PAM for the functional imaging of sheet architecture in ex vivo perfused and viable hearts. 
